Abstract A pure bacterial culture able to utilize 2-fluorophenol (2-FP) as sole carbon and energy source was isolated by selective enrichment from sediments collected from a contaminated site in Northern Portugal. 16S rRNA gene analysis showed that the organism (strain FP1) belongs to the genus Rhodococcus. When grown aerobically on 2-FP, growth kinetics of strain FP1 followed the Luong model. An inhibitory effect of increasing 2-FP concentrations was observed with no growth occurring at 2-FP levels higher than ca. 4 mM. Rhodococcus strain FP1 was able to degrade a range of other organofluorine compounds, including 2-fluorobenzoate, 3-fluorobenzoate, 4-fluorobenzoate, 3-fluorophenol, 4-fluorophenol, 3-fluorocatechol, and 4-fluorocatechol, as well as chlorinated compounds such as 2-chlorophenol and 4-chlorophenol. Experiments with cell-free extracts and partially purified enzymes indicated that the first step of 2-fluorophenol metabolism was conversion to 3-fluorocatechol, suggesting an unusual pathway for fluoroaromatic metabolism. To our knowledge, this is the first time that utilization of 2-FP as a growth substrate by a pure bacterial culture is reported.
Introduction
The rapid growth of industrial organic synthesis has led to the widespread production and release of xenobiotic compounds, whose fate in biological waste treatment processes and in the environment is often problematic and unknown. Halogenated compounds are frequently detected in waste streams, and their recalcitrant and toxic properties have stimulated studies on their microbial metabolism and mineralization. The biodegradation of many chlorinated organic compounds has been studied (Chaudhry and Chapalamadugu 1991; Fetzner 1998; Haggblom 1992; Janssen et al. 1994; van Pée and Unversucht 2003) . The behavior of fluorinated compounds, such as fluorophenols and fluorobenzenes, has been less investigated (Key et al. 1997; Murphy et al. 2009; Murphy 2010) , even though their use in agricultural and industrial processes is large, and cases of environmental contamination are becoming more frequent.
Fluorinated aromatics, including compounds with fluorophenol structural units, are used as agrochemicals (Theodorides 2006) , pharmaceuticals (Dimagno and Sun 2006; Sun and Adejare 2006) , and in many other open applications (Key et al. 1997) . Such compounds were considered to be biologically more inert and therefore less likely to have an impact on human health or the environment. On the other hand, inert molecules tend to persist and accumulate in trophic chains and are more difficult to remove by bioremediation. Fluorinated compounds have significant biological effects as enzyme inhibitors and modifiers of cell-cell communication, and they may disrupt membrane transport and processes for energy generation (Key et al. 1997) . Regardless of the little information available about biological degradation of fluoroaromatic compounds, aerobic biodegradation of fluo-robenzoic acids (Engesser and Schulte 1989; Harper and Blakley 1971; Oltmanns et al. 1989; Schlömann et al. 1990) , fluorobenzene (Carvalho et al. 2002 (Carvalho et al. , 2005 , and 4-fluorophenol (Ferreira et al. 2008 ) by cultures using these compounds as the sole source of carbon and energy has been investigated.
Only a few studies related to biodegradation of 2-fluorophenol (2-FP) can be found in the literature. Aerobic biotransformation of 2-FP by several Rhodococcus strains (Bondar et al. 1999; Finkelstein et al. 2000) , acclimated activated sludge (Chaojie et al. 2007 ), Gloeophyllum striatum (Kramer et al. 2004 ) and Penicillium strains (Hofrichter et al. 1994; Marr et al. 1996) , has been reported. In all cases, 2-FP was degraded by cometabolism in the presence of other carbon sources. Recently, a strain of Pseudonocardia benzenivorans, originally isolated from an enrichment with tetrachlorobenzene (Kampfer and Kroppenstedt 2004) , was reported to grow on 4-FP as the sole carbon source and to convert 2-FP and 3-fluorophenol (3-FP) when added to a resting cells suspension . However, no growth of P. benzenivorans on 2-FP was found. Studies on the anaerobic transformation of 2-FP and 3-FP by methanogenic cultures and by a 2-chlorophenoldegrading anaerobic consortium have also appeared (Londry and Fedorak 1993; Sharak Genthner et al. 1989; . To our knowledge, growth of a pure bacterial culture on 2-FP has not been yet reported. This work describes the enrichment, isolation, and characterization of a strain able to degrade 2-FP and use it as sole carbon and energy source.
Materials and methods

Enrichment and isolation of a 2-FP-degrading bacteria
Soil and rhizosphere samples collected from a contaminated site in Northern Portugal, which has received the discharge of chemical industry effluents for more than 50 years (fine chemistry, agrochemicals), were combined as the initial inocula for the 2-FP enrichments. This soil (approximately 5 g) was used to inoculate 250-ml flasks containing 50 ml of sterile mineral salts medium (MM) (Caldeira et al. 1999) and 2-FP supplied as the sole carbon and energy source at a concentration of 0.44 mM. Cultures were incubated in an orbital shaker (100 rpm) at 25°C. Half of the suspension was removed and replaced with fresh medium at 6-to 7-day intervals. Growth was monitored by measuring the optical density (OD) at 450 nm and liberation of fluoride was monitored using an ion-selective electrode. Bacterial strains in the degrading culture were purified by repetitive streaking onto nutrient agar (NA) medium (Lab M). These pure cultures were then re-inoculated into MM containing 0.44 mM of 2-FP as the sole carbon source. To confirm the capacity to grow on 2-FP, growth and fluoride releases were again monitored. One strain, designated FP1, able to degrade 2-FP as a sole carbon and energy source was isolated. Strain FP1 was deposited at BCCM/LMG Bacteria Collection, Gent, Belgium (accession number LMG 26251), and at DSMZ German Collection of Microorganisms and Cell Cultures (Braunschweig, Germany) (accession number DSM 45581).
Classification of the 2-fluorophenol-degrading strain Strain FP1 was classified by 16S rRNA gene sequencing as follows. Pure bacterial colonies were suspended in 300 μl of a 0.85% sodium chloride solution and incubated for 15 min at 95°C. The suspension was then kept on ice for 7 min and vortexed. Subsequently, the sample was centrifuged at 14,000 rpm for 5 min and the supernatant was stored at −20°C. Then, 16S rRNA gene DNA was amplified with polymerase chain reaction (PCR) using the universal primers set 27f-1492r (Lane 1991) in a reaction mixture of 25 μl containing 1x PCR buffer (Promega), 2.5 mM MgCl 2 , 2.5% dimethylsulfoxide, 200 μM of each dNTP, 25 pmol of each primer, 1.25 U Taq polymerase (Promega, US), and 50-100 ng of DNA. The PCR conditions were as described by Rainey et al. (1996) . The reactions were carried out in a Bio-Rad iCycler thermal cycler (Bio-Rad Laboratories, Richmond, CA, USA). PCR products were purified using GE purification kit, according to the instructions of the manufacturer. Cloning of the amplicons into pGEM T-Easy vector (Promega) and sequencing was done using an Applied Biosystems type 3730xI automatic sequencer under BigDyeTM terminator cycling conditions by Macrogen Inc. (Seoul, Republic of Korea) with universal bacterial 16S rRNA primers (f27, f518, r800, and r1492 (Lane 1991) ). To determine the phylogenetic affiliation, similarity searches were done using the BLAST program (Altschul et al. 1997) . Phylogenetic analysis was performed to accurately determine the taxonomic position of strain FP1. For that, 16S rRNA gene sequences were aligned using the Clustal-X program (Thompson et al. 1997 ) and trees were constructed with PAUP* version 4.0b10 (Swofford 2003) using the neighbor-joining method (Kimura two-parameter distanceoptimized criteria). The resulting sequence was submitted to GenBank (accession number HM210775).
Growth kinetics
Strain FP1 was examined for its capacity to grow in batch culture using 1-l flasks filled with 250 ml of MM and 2-FP concentrations varying between 0 and 4 mM. Each flask was inoculated with a preculture of strain FP1 to an initial optical density at 600 nm (OD 600 ) of about 0.05, measured on a Helios Gamma spectrophotometer (Unicam Instruments, UK). The cultures were incubated on an orbital shaker at 150 rpm and 25°C. Samples were taken periodically for fluoride, 2-FP, and optical density measurements. The experiments were run in triplicate and for each 2-FP concentration and average growth rates were determined. Growth rate data were fitted with nonlinear regression using SPSS statistics 17.0 (SPSS Inc., Chicago, IL, USA). Model parameters were estimated and precision was assessed by confidence intervals at 95%.
Metabolic versatility
The capacity of strain FP1 to use other halogenated/ aromatic compounds was determined using batch cultures. The experiments were carried out with 30 ml of MM supplemented with a carbon source at a final concentration of 0.5 mM and were run in duplicate. Appropriate volumes of a preculture of strain FP1 were used to obtain an initial OD 600 of 0.06. The flasks were incubated at 25°C on an orbital shaker at 150 rpm. Samples were taken during 10 days for measuring OD 600 and halide release.
For oxygen uptake measurements, cells were grown on MM medium with a carbon source of choice and harvested by centrifugation at 6,000 g for 5 min at 4°C. The oxygen uptake measurements were performed as described by Ferreira et al. (2008) .
Preparation of cell-free extract
Cells of strain FP1 were grown in MMY medium (Ferreira et al. 2008) supplemented with 2-FP or succinate and harvested at mid-log phase by centrifugation (6,000×g, 4°C for 30 min). The cells were washed twice with TEMG buffer (50 mM Tris-SO 4 , pH 7.0) containing 1 mM EDTA, 1 mM β-mercaptoethanol, and 5% glycerol and resuspended in the same buffer. Protease inhibitor cocktail (Mini Complete (Roche Applied Science), one tablet per 10-ml suspension) was added prior to sonication. The cells were broken using a Vibra-Cell sonicator (Sonics and Materials INC Danbury, CT, USA) with cooling on ice. To remove unbroken cells and debris, the lysate was centrifuged at 40,000×g for 60 min. The cell-free extract thus obtained was either stored at −80°C or used immediately for enzyme assays. Protein concentrations were determined using the Bradford method.
Isolation of 2-fluorophenol monooxygenase
Cell-free extract (24 ml, 353 mg protein) of 2-FP-grown cells of strain FP1 was loaded on a DEAE-Sepharose column (50 ml; Pharmacia, Uppsala, Sweden) preequilibrated with TEMG buffer (50 mM Tris-SO 4 , 5% glycerol, 1 mM β-mercaptoethanol, and 0.5 mM EDTA, pH 7.0). After washing the column with two column volumes of buffer, elution was carried out with a linear gradient of 0% to 100% of 0.5 M (NH 4 ) 2 SO 4 in the same buffer. Fractions were collected, concentrated using 10-kDa Millipore filters (Amicon, USA), and tested for oxygenase activities. Fractions containing 2-fluorophenol monooxygenase were desalted and loaded separately onto a gel filtration column (Superdex 200, 24 ml bed volume). Proteins were eluted with a buffer (pH 7.0) containing 100 mM NaCl, 1 mM EDTA, and 1 mM β-mercaptoethanol at a flow rate of 0.2 ml/min. Fractions were assayed for activity. To check the purity, concentrated fractions were run on 12% sodium dodecyl sulfate (SDS)-polyacrylamide gel and stained with Coomassie Brilliant Blue R-250.
Enzyme assays
Monooxygenase activity was measured in 50 mM Tris-Cl buffer (pH 7.5) in reaction mixtures containing 1 mM ascorbate, 5 μM FAD, 3 μg of flavin reductase (FpdB, purified as described by Ferreira et al. (2009) ), 180 U ml
catalase (from bovine liver, Fluka), 1.2 mM NADH, and 600 μM of 2-FP. Incubations were carried out at 25°C. Time course conversions were carried out in 2.0 ml and were started by the addition of NADH. Samples of 200 μl were taken with time intervals of 10-25 min and quenched by addition of an equal volume of HPLC eluent (described above). Supernatants of vortexed and centrifuged samples were analyzed with HPLC. One unit of PMO activity is defined as the amount of enzyme that converts 1 μmol of substrate per minute under the conditions described.
Analytical methods
For fluoride and chloride analysis, biomass was removed from culture samples by centrifugation. The concentration of fluoride ions in supernatants was measured with an ionselective combination electrode (model CH-8902, MettlerToledo GmbH, Urdorf, Switzerland), which was calibrated with NaF (0.01 to 5 mM) in mineral salts medium. The ionic strength of the standards and of the samples was adjusted with a buffer solution, named total ionic strength adjustment solution (TISAB). The composition of the TISAB solution was NaCl (1 M), CH 3 COOH (0.25 M), NaCH 3 COO (0.75 M), and sodium citrate (0.002 M). Chloride concentrations were determined using the colorimetric method described by Iwasaki et al. (1956) .
Fluorophenol and fluorocatechols (3-FC) were analyzed by HPLC on an Alltima HP C18 reversed-phase column (100×2.1 mm, 3-μm particle size) which was used in connection with Jasco PU-980 pumps, a Jasco MD-910 diode array detector and a Jasco UV-2075 detector. Samples of 10 μl were injected and compounds were isocratically eluted at a flow rate of 0.2 ml min −1 . The mobile phase was 70/30 (v/v) acetic acid/methanol containing 0.02 M ammonium acetate adjusted to pH 4.5 with glacial acetic acid. Spectra of eluted peaks were recorded between 200 and 600 nm, and the identity was established by comparison of spectra and retention times to commercial standards. Retention times were: 2-fluorophenol, 5.14 min; catechol, 3.06 min; 3-fluorocatechol, 3.48 min; 4-fluorocatechol, 3.90 min.
Reagents
All chemicals used were of the highest purity grade available (Sigma-Aldrich Chemie, Steinheim, Germany; Merck, Darmstadt, Germany). 3-FC was from SigmaAldrich and 4-FC was obtained from TCI Europe.
Results
Isolation and characterization of a bacterial strain capable to degrade 2-FP
A pure bacterial culture (strain FP1) capable of aerobic growth on 2-FP was isolated after 4 months of selective enrichment. Strain FP1 was able to use the compound as the sole carbon and energy source in liquid culture. Biodegradation was detected by growth, substrate disappearance, and fluoride release. No degradation occurred in non-inoculated controls and no growth occurred in medium without the carbon source. When streaked on NA plates, small white colonies were formed which under a light microscope appeared as gram-positive, rod-shaped cells. Inspection of 16S rRNA gene trees clearly demonstrated that strain FP1 is a member of the genus Rhodococcus, forming a cluster with Rhodococcus opacus, Rhodococcus koreensis, and Rhodococcus wratislaviensis (Fig. 1) . Furthermore, this cluster includes the strains Rhodococcus sp. TCH4 (acc. no. AB183439; sequence similarity 99% over 1,423 bases) and Rhodococcus sp. TCH14 (acc. no. AB183440; sequence similarity 99% over 1,423 bases), which were both isolated from trichloroethylenecontaminated soil and are able to degrade ortho-xylene (Taki et al. 2007 ).
Degradation of 2-FP by strain FP1
Rhodococcus sp. strain FP1 completely degraded 1.15 mM of 2-FP in MM in 110 h. A typical growth curve is shown in Fig. 2 . A decrease in 2-FP concentration with stoichiometric release of fluoride was observed and complete defluorination of the target compound by strain FP1 was achieved. A simultaneous increase of the biomass concentration was observed. After 2-FP was depleted, further increase in optical density at 450 nm up to 0.15 in 70 h was observed, suggesting transient accumulation of an intermediate. One of the intermediates that were found was 3-FC (Fig. 2) as identified by HPLC, although its level of accumulation varied between different cultures.
Growth kinetics
The effect of the 2-FP concentration on the growth rate of strain FP1 was measured in batch cultures at different initial 2-FP concentrations (Fig. 3 ). An inhibitory effect with increasing 2-FP concentrations was observed at concentrations higher than 0.6 mM. Several known kinetic models, i.e., Edwards (1970) , Haldane-Andrews (Andrews 1968) , Monod (1949), and Luong (1987) , were tested to describe the degradation behavior of strain FP1. Among them, the Luong model (Eq. 1) resulted in the best fit (R 2 =0.970) and was consequently chosen to describe the growth rate pattern of strain FP1.
The application of the Luong model to fit growth rate data from 0 to 4 mM of 2-FP concentration resulted in the following kinetic parameters: maximum growth rate (μ max )= 0.031 h −1 , substrate saturation constant (K s )=0.067 mM, maximum substrate concentration above which growth is completely inhibited (S m )=4.1 mM, and parameter indicative of the relation between the growth rate and the substrate concentration (n)=1.1.
Metabolic versatility
The capacity of strain FP1 to use different organic compounds for growth was tested in batch cultures. Various substrates were added to MM and the cultures were inoculated with FP1 cells pre-grown on 2-FP. From the aromatic compounds tested, strain FP1 grew very well with 2-fluorobenzoate and 2-chlorophenol. Both 3-fluorocatechol (3-FC) and 4-fluorocatechol, which were considered possible intermediates in 2-FP degradation, also supported growth when added as the carbon source, although the medium became brown after a few days, suggesting partial oxidation of the substrate and formation of polymeric products. The bacterium also showed some degradation activity towards 3-fluorobenzoate, 4-fluorobenzoate, 3-FP, 4-FP, and 4-chlorophenol. The other fluorinated compounds tested, fluorobenzene and trifluoroacetic acid, were not used as growth substrates by strain FP1 during 10 days.
Oxidation of aromatic compounds by whole cells
To determine if enzymes for fluoroaromatic metabolism are inducible in strain FP1, oxygen uptake measurements were done. Cells of strain FP1 grown on 2-FP, 2-FP+glucose, glucose, or succinate were collected and washed and oxygen uptake was determined with 2-FP and some potential 2-FP degradation products (Table 1) . Cells grown on 2-FP or 2-FP+ glucose oxidized 2-FP much faster than cells grown on glucose or succinate, indicating that the enzymes for 2-FP metabolism are induced during growth on 2-FP. Catechol and pyrogallol were also oxidized faster by cells exposed to 2-FP during growth than by cells cultivated on succinate or glucose, with pyrogallol being oxidized slower than 2-FP. The oxygen uptake rates with 3-FC were somewhat lower than with the other aromatic compounds tested but much higher with cells grown with 2-FP than in non-induced cells, suggesting that oxidative metabolism of 3-FC is inducible by 2-FP in FP1 cells (Table 1) .
Identification and isolation of a monooxygenase involved in 2-FP conversion
Bacterial conversion of several chlorophenols and 4-fluorophenol can proceed by two-component monooxygenases that use NADPH as electron donor (Louie et al. 2002; Nordin et al. 2005; Ferreira et al. 2008 Ferreira et al. , 2009 ). The reduced nicotinamide cofactor is used by the reductase component Fig. 1 Phylogenetic tree constructed with 16S rRNA gene sequences from strain FP1 and sequences retrieved from GenBank database. Closest relatives were included as well as sequences from type strains of a wide range of Actinobacteria. Bacillus subtilis and Staphylococcus aureus type strains were used as outgroup. GenBank accession numbers are given for reference sequences. Bootstrap values (expressed as percentages of 1,000 replicates) ≥ 50% are shown at branch points to reduce FAD to FADH 2 , which serves as the electron donor for the monooxygenase component. To investigate the possible role of such a monooxygenase in the conversion of 2-FP, we performed experiments with cell-free extracts prepared from cells grown on 2-FP, with addition of purified FAD reductase (FpdB) from the 4-fluorophenol-degrading bacterium Arthrobacter sp. strain IF1 (Ferreira et al. 2009 ). Conversion was followed by HPLC analysis, which showed formation of 3-FC from 2-FP. There was no indication of formation of 4-FC or fluoride release.
To verify the presence of a 2-FP hydroxylating monooxygenase (2FP-MO) that produces 3-FC in cell-free extract of cells grown with 2-FP, the enzyme was isolated using a DEAE-Sepharose anion exchange column and a Superdex 200 gel filtration column as described under "Materials and methods". This yielded a purified protein with specific activity, 9.5 U/mg ( Fig. 4; Table 2 ). The flavin reductase was strictly needed for monooxygenase activity. The monooxygenase was highly induced in cells grown with 2-FP and its molecular weight was estimated at 61 kDa by SDS-PAGE, which is close to the hydroxylase component of other two-component monooxygenases involved in halophenol metabolism (Gisi and Xun 2003; Ferreira et al. 2009 ).
Purified 2FP-MO from fractions of the Superdex 200 chromatography column stoichiometrically transformed 2-FP into 3-FC with no release of fluoride (Fig. 5) . No 4-fluorocatechol was detected in these assays. Transformation of 2-FP with 2FP-MO was only possible when the flavin reductase was also added to the reaction mixture containing FAD, NADH, and 2-FP. This clearly indicated that the transformation of 2-FP indeed was catalyzed by a twocomponent monooxygenase system of which one component (i.e., flavin reductase) provides reduced flavin adenine dinucleotide (FADH 2 ) to the other (i.e., 2FP-MO).
Discussion
In the present study, we report the isolation and properties of Rhodococcus strain FP1, a bacterial strain able to Fig. 2 Growth of strain FP1 in batch culture on 1.14 mM of 2-fluorophenol. Growth was followed over time and 2-FP and 3-FC were quantified by HPLC. Fluoride was measured with an electrode. Filled square, 2-FP concentration; filled diamond, 3-FC concentration; filled circle, optical density at 450 nm; filled triangle, fluoride concentration (Warhurst and Fewson 1994) . Rhodococcus strains are known to degrade aliphatic and aromatic hydrocarbons, halogenated compounds including chlorinated biphenyls, nitroaromatics, heterocyclic compounds, nitriles, and various herbicides (Martínková et al. 2009 ). The present paper extends this to fluorophenols. Rhodococcus strain FP1 grew and showed degradation activity towards other aromatic compounds, such as 2-fluorobenzoate, 3-FP, and 4-FP, and could utilize also 4-fluorocatechol and 3-fluorocatechol for growth, which were considered possible intermediates in 2-FP degradation. The growth rate of Rhodococcus strain FP1 increased with increasing 2-FP concentrations, but above 0.6 mM 2-FP was found to become inhibitory. The kinetic behavior could be described with the Luong model, with a μ max of 0.031 h −1 . This model was also used for describing the kinetics of bacterial growth on fluorobenzene (Carvalho et al. 2005) . The Luong parameter values for strain FP1 growing on 2-FP indicate that 2-FP is already becoming inhibitory at levels that are a little higher than K s (0.067 mM), but that growth is completely blocked only at a much higher level (4.1 mM), suggesting that the organism can degrade 2-FP at a quite broad range of concentrations, albeit at low rates. The high value reached for n (>1) indicates a rapid initial drop in the growth rate when the 2-FP concentration exceeds 1 mM, followed by a slow decrease to zero, suggesting a strong inhibitory effect by 2-FP (Luong 1987) . The toxicity of high levels of 2-FP could possibly be due to the formation of 3-FC, which occasionally appeared as an intermediate during growth of strain FP1 on 2-FP in batch culture. Measurements of oxygen uptake rates revealed that 3-FC caused oxygen uptake by 2-FP-induced resting cells of strain FP1, albeit at a lower rate than with 2-FP. Even though 3-FC can be oxidized and used as a growth substrate by strain FP1, a catabolic route of 2-FP via 3-FC was first considered unlikely since 3-FC is a known toxic compound. It was found to act as an inhibitor of metacleaving catechol 2,3-dioxygenases (Bartels et al. 1984) , and recently the inhibition of growth of Sphingobium fuliginis strain TIK on 4-tert-butylphenol by 3-FC was attributed to the inhibition of the meta pathway (Toyama et al. 2010) . Also, the ortho pathway may be ineffective, and the low growth rate of Acinetobacter calcoaceticus with 3-FC as compared to growth on 2-fluorobenzoate was explained by poor cleavage of 3-FC by catechol 1,2-dioxygenase (Clarke et al. 1975; Dorn and Knackmuss 1978) . Toxicity of 2-FP reported for Pseudomonas sp. B13 growing on 3-fluorobenzoate was proposed to be due to the intradiol dioxygenation of 3-FC to yield 2-fluoro-cis,cismuconate, which was not further metabolized and caused growth inhibition (Schreiber et al. 1980) . In agreement with the observed toxicity of 3-FC, it was found that bacteria growing on fluorobenzoates (Engesser et al. 1990) or fluorobenzene (Carvalho et al. 2005 ) convert their growth substrates via 4-fluorocatechol instead of 3-fluorocatechol. On the other hand, conversion of 2-fluoromuconate to 5-fluoromuconolactone followed by dehalogenation to cisdienelactone has been found in R. opacus 1cp, which also readily converts 3-fluorocatechol to 2-fluoromuconate (Solyanikova et al. 2003) . Thus, the toxicity of 3-FC may vary a lot among different organisms and is likely dependent on the specificity and activity of the enzymes of haloaromatic metabolism in a specific strain.
In view of the toxicity of 3-FC, it was unexpected that strain FP1 uses 3-fluorocatechol as a productive intermediate. One way to avoid the formation of 3-fluorocatechol would have been the replacement of the ortho fluorine by a hydroxyl group, which happened in Rhodococcus strains cometabolizing 2,3-difluorophenol, probably through hydroxylation (Bondar et al. 1998 (Bondar et al. , 1999 . Similarly, cometabolic hydroxylation of 2-FP by bacteria and fungi at the C2 and C6 positions at a ratio of 80:20 (Bondar et al. 1999 ), 29:71 (Peelen et al. 1995 , 50:50 (Kramer et al. 2004) , and 9:91 (Marr et al. 1996) yielded mixtures of catechol and 3-fluorocatechol, the former with concomitant release of fluoride. Although a similar defluorination of 2-FP was not observed with Penicillium frequentans (Hofrichter et al. 1994) , these findings show that catechol formation with concomitant defluorination is mechanistically possible for 2-FP. Defluorination prior to ring cleavage also occurs during biodegradation of 4-fluorophenol (Ferreira et al. 2008) . The observation that 3-FC is very toxic in other organisms of course does not rule out the possibility that strain FP1 possesses enzymes that allow its metabolism at a rate sufficient for productive metabolism when it is formed as an intermediate during 2-FP degradation.
Even though hydroxylation to 4-fluorocatechol and monohydroxylation with concomitant defluorination present alternatives to formation of 3-FC from 2-FP, our results show that 3-FC is the predominant intermediate in 2-FP metabolism. Apparently, the isolated 2-fluorophenol monooxygenase catalyzes a 6-hydroxylation of 2-FP. We propose that 3-FC is converted by ortho cleavage, yielding 2-fluoromuconolactone. Experiments to identify the enzymes responsible for further conversion are under way. The degradation of 2-chlorophenol and 3-chlorocatechol via ortho cleavage and subsequent dehalogenation is well established (Moiseeva et al. 2002) , and a similar pathway may operate in strain FP1 for fluorocatechol. The initial 6-hydroxylation appears to be catalyzed by a highly induced 2-FP monooxygenase that belongs to a class of monooxygenase systems that consist of a reductase that reduces FAD at the expense of NADH and a hydroxylase that uses free FADH 2 and molecular oxygen for substrate hydroxylation (Webb et al. 2010) . These enzymes are classified as class D flavoprotein monooxygenases (two-component flavin-diffusible monooxygenases) (van Berkel et al. 2006) . The observation that FP1 is able to grow on 3-FC, the fact that 3-FC stimulates oxygen uptake by resting cells, and the observed formation of 3-FC by purified 2FP-MO strongly suggest that 3-FC is the productive intermediate. We suspect that further metabolism proceeds by catechol 1,2-dioxygenase and that strain FP1 contains enzymes for the metabolism of 2-fluoromuconic acid. The observed induction shows that strain FP1 not only produces an enzymatic pathway that can convert 2-FP and 3-FC with release of fluoride but also one or more regulatory proteins that sense the presence of 2-FP and respond by increasing gene expression.
